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ABSTRACT

In situ monitoring of Sb speciation improves the understanding of Sb
biogeochemistry and toxicity in ecosystems. Precise measurement of Sb is a challenge
due to its instability of oxidation and ultra-trace concentration. The development of
simple and reliable methods specific to Sb'' measurement is not only appealing but
essential for implementing regulations. Here, we present an in situ speciation analysis
method for Sb'"!, using the diffusive gradients in thin films (DGT) technique, combined
with mercapto functionalized SBA-15 mesoporous silica nanoparticles (MSBA).
Laboratory performance tests confirmed MSBA-DGT uptake was independent of pH
(4-9) and ionic strength (0.1-200 mmol L"). DGT devices equipped with MSBA-
based binding gels showed a theoretically linear accumulation of Sb'™ and exhibited
high capacity for Sb'™! at 65 ng per gel disc, with negligible accumulation of SbY over
a 72 h deployment. Compared with commercial 3-Mercaptopropy! functionalized silica
(MFS), the nano-sized MSBA facilitate its even distribution in the binding gels.
Furthermore, the good selectivity and high homogeneity of the MSBA gel enabled it to
be applied in a rice rhizosphere in conjunction with Agl gel to investigate the effects of
sulfur application on the Sb'!' solubility. In summary, the newly developed MSBA—
DGT provides a selective measurement of Sb!!!, showing potential for environmental

monitoring and further application in understanding biogeochemical process of Sb.
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INTRODUCTION

Antimony (Sb) is a toxic element and considered to be one of the key priority
pollutants of interest in the United States, European Union and China.'"* Elevated
concentrations of Sb have been reported in soils and waters collected from the regions
of mining, smelters, and shooting ranges.’>”” China has the most abundant Sb resources
in the world, with approximately 84% of the world’s reserves.? Large quantities of Sb
released from mining and smelting processes cause serious Sb contamination and hence
pose a significant human health and environmental risk.>#

The toxicity of Sb depends strongly on its oxidation states.” Sb'! and SbV are the
predominant species of Sb in the environment and they can be absorbed by plants from
soil, causing adverse health effects to humans via the food chain.!® Sb"! has ten times
higher acute toxicity than SbY and poses a greater risk to organisms.!! Consequently,
an effective method to evaluate Sb speciation is necessary for understanding Sb
distribution and toxicity in the environment. Usually, Sb speciation analysis is
conducted by grab sample collection of waters followed by preconcentration/separation
using specific adsorbents,!? extraction,!3-!° ion exchange, !¢ electrochemical methods,!”
and hydride generation methods.'® However, the sample treatment is often time-
consuming and subject to problems related to the instability of Sb species caused by
properties of the sampled media, such as pH, redox potential, organic matter, and biotic
fauna.!’® During the sample storage, physicochemical properties are prone to change,
thereby leading to Sb speciation transformation.?’ Moreover, active sampling captures

3
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only an instantaneous concentration, which can result in an inaccurate estimation of Sb
concentration over time.

The diffusive gradients in thin-films (DGT) technique has been comprehensively
validated for in situ measurement of inorganic species in waters?!- 22 and metal fluxes
in soils and sediments.?3->> Within DGT devices, the targeted analyte diffuses through
an inert filter membrane and hydrogel stack and is immobilized in a binding layer which
has high affinity for the analyte of interest.?® The key step of the DGT technique, where
the targeted species are selectively accumulated from solution, is performed in situ.
This makes DGT an ideal tool for in situ speciation analysis. Recently, the application
of selective binding phase has made it feasible to use DGT for speciation analysis of
arsenic, selenium, and chromium.?’3! 3-Mercaptopropyl functionalized silica (MFS)
based DGT has been validated for the selective measurement of labile Sb'' in waters
and sediments due to the strong affinity between Sb'! and thiol groups.’% 3! However,
the relatively large bead size of MFS resin (200400 mesh) causes heterogeneous
distribution of the resin within the binding gel that limits its application in high
resolution mapping of Sb!!! in plant rhizosphere or sediments. High resolution (HR)
DGT techniques has been demonstrated to be a promising tool for visualization of
element bioavailability in the rhizosphere zones with sub-mm scale.3?-33 It thus requires
the binding phase not only to be effective in adsorption of targeted elements, but also
to be homogenous with evenly distributed binding materials.

Sb uptake by rice is a major health concern to residents in Sb mining area

4
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(Xikuangshan, China) since rice consumption contributed approximately 33% to their
total Sb dietary intake.!® This further underscores the importance of investigating the
biogeochemical behavior of Sb in the rice rhizosphere where Sb transfers from soils to
plants. The biogeochemical cycling and speciation transformation of Sb are often
coupled with sulfur and sulfate reduction process.>* The sulfide is usually assumed to
facilitate Sb immobilization through Sb sulfide precipitation.3® On the other hand, some
studies have revealed sulfate might favor Sb mobilization through sulfate-reducing
bacteria.’® The rice rhizosphere zone is reported to induce steep changes in localized
redox conditions,?? thereby leading to complex sulfur related oxidation and reaction
process, while the effect of these processes on Sb mobilization in the rhizosphere
remains incomplete. Furthermore, both sulfur and Sb speciation are sensitive to redox
change, resulting in their chemical reactions being highly susceptible to disturbance.
This necessitates the development and application of in situ and high resolution
sampling methods to assess the coupled behavior of sulfur and Sb in the rhizosphere.
Here, we prepared a DGT binding layer using mercapto-functionalized SBA-15
nanoparticles (MSBA) and investigated performance characteristics of this DGT
method for selective measurement of Sb!'!! in the laboratory. The binding gel made from
the MSBA nanoparticles enabled its application in the rice rhizosphere for two
dimensional (2D) HR visualization of Sb'l bioavailability. Responses of Sb!!!
bioavailability to sulfate application in the rice rhizosphere were investigated through
spatial 2D mapping of Sb!" and S?- using this DGT binding layer coupled with Agl

5
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binding layer.3’
EXPERIMENTAL SECTION

Chemical and Reagents. To prepare the new binding resin (MSBA) for selective
measurement of Sb'l, P123 (poly(ethylene oxide),o-poly(propylene oxide)-
poly(ethylene  oxide),y)) and 3-Mercaptopropyl-trimethoxysilane  (MPTMS,
CsH1603SSi) were purchased from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS,
98%) was purchased from Aladdin. 3-Mercaptopropyl-functionalized silica gel (Sigma-
Al-drich, St. Louis, MO), 200—400 mesh, was used for preparation of MFS binding gel.
Hydrochloric acid and nitric acid were obtained from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. Chemicals used in this study were of analytical reagent
grade or equivalent.

Stock solutions of antimonite (Sb') and antimonate (SbY) at 1000 mg L' were
prepared from CgH4K,0,Sb,-3H,0 (Sigma-Aldrich, 99%) and KSb(OH) (Fluka, 99%)
with Milli—Q water (18.2 MQ-cm, Millipore, USA). The stock solutions were stored in
the dark at 4 °C for future use.

Chemical Analysis. An inductively coupled plasma mass spectrometry (ICP—MS,
NexION 300X, PerkinElmer) was employed for Sb measurement. Indium (m/z 115)
was used as an internal standard throughout the analysis to ensure accuracy and
precision. The SLRS—6 river water reference material (National Research Council
Canada) with a certified value of Sb was measured during ICP-MS analysis to confirm
the robustness of the analytical procedure. All standard solutions were diluted from the

6
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stock solution with 0.1 M HNO;. The average recovery was 97.6 £ 5.7% (n=10).

Sb speciation was measured by high performance liquid chromatography (HPLC,
PerkinElmer, USA) coupled with ICP-MS. A PRP—X100 anion—exchange column (10
um, Hamilton, UK) was used to separate the Sb species. The mobile phase consisted of
10 mM EDTA and 2 mM potassium hydrogen phthalate, with pH adjustment to 4.5
using ammonium hydroxide.’® Sample injection volume was 50 pL and flow rate 1.2
mL min'!. Details of instrumental conditions are listed in the Supporting Information
(Table S1).

DGT Procedures. A typical DGT device is comprised of a protective hydrophilic
polyethersulfone membrane of 0.45 um pore size and 0.14 mm thickness (Pall, USA),
a polyacrylamide diffusive gel layer, and a binding gel layer, and a set of plastic
molding (DGT Research Ltd., UK) having a base and a cap with a circular exposure
window of 2.51 cm?. All moldings were immersed in 10% (v/v) nitric acid for at least
24 h and rinsed several times with Milli—Q water before use.

Agarose-cross-linked (DGT Research Ltd., UK) polyacrylamide diffusive gels
were prepared according to Zhang and Davison.*® DGT binding layers containing 3-
mercaptopropyl-functionalized silica (MFS)?”> 3! were provided by DGT Research

Limited Corporation (www.dgtresearch.com). To prepare the novel binding gel,

synthesized mercapto-functionalized SBA—15 mesoporous silica (MSBA) was used as
the sorbent according to Aguado et al.#’ with some modification (see SI for details).
The binding gel was made by mixing 0.2 g of MSBA resin with 3 mL of gel solution,

7
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which contains 37.5% acrylamide (w/v), 47.5% Milli—Q water (w/v) and 15% agarose-
derived cross-linker (w/v). The mixture was sonicated in an ice bath for 10 min to
ensure the resin fully dispersed, followed by the addition of 24 uL of freshly prepared
10% ammonium persulphate solution (AnalaR, BDH) and 6 ul. of NN N'N-—
tetramethyl ethylenediamine (TEMED, 99%, Merck, Germany). Normal (0.25 mm
thickness) and ultrathin (0.06 mm thickness) MSBA gels were cast following standard
procedures for preparation of binding gels with normal thickness and ultrathin
thickness?® and stored in 0.01 mol L' NaNO; and 0.01 mol L' NaCl solution,
respectively, prior to use. NaCl solution was used for ultrathin gel storage to avoid any
potential NOj;- catalyzed oxidation reactions during gel deployment in the rhizosphere.

Binding Kinetics and Elution Efficiencies of Binding Gels. The uptake kinetics
of Sb by the binding gel containing MSBA resins was investigated by exposing a cut
MSBA gel disc (2.51 cm diameter) to a 10 mL of solution containing 50 pg L~ Sb™ or
SbY, with a matrix of 0.01 mol L' NaNQOs, for various times from 3 min to 24 h. The
concentrations of Sb in the solutions before and after gel immersion were measured.
The MSBA gel discs loaded with different amounts of Sb!'! were eluted in 1 mL of 1 M
HNOs3, 1 mL of I M HNO; + 1% KIO;5 (m/v), or 3 mL of 1 M HNO; + 1% KIO; (m/v)
for at least 24 h to investigate the accurate elution efficiency. All samples prepared were
in triplicate. The concentrations of eluents were measured using ICP-MS, after having
been diluted by at least 20-fold to limit the signal suppression due to the presence of
KIO;. The mass, M, of Sb in the binding gel, was calculated by eq 1°°

8

ACS Paragon Plus Environment

Page 8 of 38



Page 9 of 38

oNOYTULT D WN =

Analytical Chemistry

Ce(Vot+ Ve
M =SB (1)

Where C. is the concentration of Sb in the elution samples, ¥, is the volume (0.16 mL)
of the binding gel, V. is the volume of elution solution, and f; is the elution efficiency.

DGT Performances in the Laboratory. Effects of pH and ionic strength. The
effect of pH on the performance of the new DGT devices containing the MSBA binding
gel (MSBA-DGT) was tested by deploying triplicate MSBA—DGT devices containing
0.8mm thick diffusive gels in 2 L of 50 pg L' Sb' and 0.01 mol L' NaNO; well-
stirred solutions at different pH, ranging from 3.2 to 9.1, for 4 h. Regarding the solutions
with high pH of 8-9, before the Sb"! stock solution was added, 0.01 mol L' NaNOs
solutions were stabilized for ca. 3 days by adjusting the pH using 1 M NaOH every 12
h. Similarly, to estimate the effect of ionic strength, MSBA-DGT devices containing
0.8 mm thick diffusive gels were immersed in 2 L of well-stirred solutions containing
50 pg L' Sb and different concentrations of NaNO; ranging from 0.1-200 mmol L!
at pH 6.0 + 0.5, for 4 h. The pH values were adjusted with 1 mol L~! HNO; or 1 mol
L' NaOH. The diffusion coefficient of Sb'"! adopted in this study was 9.42 x 10-¢ cm?
s’ reported by Bennett et al.?!

Selective measurement of Sb'l. To monitor selective measurement of Sb'l by
MSBA-DGT devices, the MSBA-DGT devices containing 0.8 mm thick diffusive gels
were exposed in 6 L of well-stirred solutions containing 50 ug L~ Sbor SbY and 0.01
mol L' NaNOs. Triplicate DGT devices were removed after 4, 8, 12, 24, 48, and 72 h.

Competition Effect between Sb"™ and Sb”. To further examine the selective

9
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performance of MSBA-DGT for Sb'!l, triplicate MSBA-DGT devices containing 0.8
mm thick diffusive gels were deployed for 4 h in 2 L of well-stirred solutions containing
0.01 mol L! NaNO; and both Sb' and SbY with different concentration ratios. The
concentration of Sb' was 80 pg L-!, while the concentration of SbY was set at 80 and
800 ug L, respectively. To confirm the stability of Sb species, samples of deployment
solution were collected and analyzed for the Sb speciation using HPLC-ICP-MS.

Capacity of MSBA-DGT. To measure the capacity of MSBA gels, MSBA-DGT
devices with 0.8 mm thick diffusive gels were deployed for 4 h in 2 L of well-stirred
0.01 mol L-! NaNOj solutions containing Sb!! at various concentrations (0.1 to 35 mg
L. The mass accumulated by MSBA-DGT devices was compared to the theoretical
mass calculated from eq S3. Deviation of the measured mass from the theoretical mass
indicates that the linear accumulation capacity is exceeded, and the sampler is no longer
suitable for the quantitative accumulation of Sb!l.

Distribution of Antimony in MSBA and MFS Binding Gels. In order to
investigate the homogeneity of MSBA binding gels for 2D high-resolution analysis,
spatial distribution of Sb in the binding gel was measured using laser ablation (UP-213,
New Wave Research, Fremont, CA) coupled with ICP-MS (LA-ICP-MS). 3-
mercaptopropyl-functionalized silica (MFS) binding gel,?” which contains thiol groups,
were compared with the MSBA binding gel to assess  the uniformity of Sb
immobilisation to the binding gels. After 4-h deployment of both MSBA— and MFS—
DGT devices in 2 L of well-stirred solutions containing 50 ug L' Sb! and 0.01 mol

10
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L-! NaNOs3, the MSBA and MFS gel layers were dried using a gel drier (Model 583,
Bio-rad, USA), with a backing layer comprising of an acid-washed 0.45-um cellulose
nitrate filter. Analysis of Sb at 50 um spatial resolution was performed using LA—ICP—
MS following a line-scan mode procedure.*!- 4> Briefly, a beam diameter of 50 um was
scanned across the gels in a series of lines at 50 um s~!, which covered an area of ~25
mm? and contained more than 32400 data points during ICP-MS measurement. C'3 was
used as an internal standard. The laser-ablation data were plotted as the normalized
intensity (Sb'?!/C'3) per unit area of binding gel. Data processing was conducted in
Excel, and visualization was accomplished using Imagel] v1.48 software [National
Institutes of Health (NIH), Bethesda, MD, https://imagej.nih.gov/ij/].
High-Resolution Measurement in Rice Rhizosphere. Preparation of soil
sample and rhizotrons. Soil was collected from the Xikuangshan Sb mine located in
Hunan province of China. It was thoroughly mixed, air-dried, and ground to a particle
size of <2 mm. The soil was amended with Sulphur (S) at 100 mg S kg™! using Na,SO,
stock solution and a control of the soil was prepared without amendment of S. Soil pH
values were measured after shaking in 0.05 mol L~! CaCl, solution with a soil to
solution ratio of 1:5 for 1 h. Total organic carbon contents in the soils were determined
using a total carbon analyzer (Vario TOC, Elementar, Germany). Concentrations of
other elements in soils were determined by ICP-MS (PerkinElmer, USA) after
digestion using a Hot Block Digestion System (Environmental Express, USA)
following EPA Method 3050B. Water-extractable concentrations of elements were

11
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obtained in a solid to liquid ratio of 1:10 using a rotary shaker for 24 h.®

Treated soil samples were incubated for 30 days before being packed into the
rhizotrons®* 33> 42 and maintained at ~100% water holding capacity (WHC) before
seedling transplantation. After sterilization in 0.5% NaOCI for 10 min, rice seeds were
rinsed with deionized water and germinated at 25°C for one week. Rice seedlings were
transplanted close to the front window of the rhizotrons for a further 2-3 weeks, which
were kept at an inclination of 30—45° to ensure that roots developed alongside the front
window of rhizotron (Figure S2). During rice cultivation, the rooting zone was kept in
darkness and deoxygenated with nitrogen gas to minimize ingress of O,.
Chemical imaging in the rhizosphere. To demonstrate the utility of the newly
synthesized MSBA gel, the ultrathin MSBA binding gel and Agl binding gel*> * was
used to measure the distribution of Sb' and dissolved sulfide in a rice rhizosphere. To
be specific, an Agl gel was firstly deployed within the rice rhizosphere for 24 h and
then an ultrathin MSBA gel was attached with tape to the inside of the transparent
rhizotrons for 24 h. A layer of 0.2-um pore size and 10-um thick polycarbonate
membrane (Nuclepore, Whatman, Maidstone, UK) was used to maintain the soil
uniformity during deployment and avoid disturbance to roots and soil when the front
plate was removed. The Agl gels were scanned by a flat-bed computer scanner to
provide a grey-scale image of sulfide (see SI for detailed information). The MSBA gels
used in this rhizosphere experiment were analyzed using LA-ICP-MS to obtain DGT
measured metal fluxes, fpgr (pg cm™? s7'), mainly determined by the labile
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concentration adjacent to the gel surface. It was calculated based on the accumulation
mass of metals in the gel and the deployment time. The set-up of LA-ICP-MS and
analysis of the ultrathin MSBA gel after deployment were performed as described
above. Line scans of the gels were conducted at a scanning speed of 300 um s™!, a scan
line interval of 150 um, a beam diameter of 100 pm, and a repetition rate of 5 Hz. The
laser data obtained from LA-ICP-MS measurement in gel samples were transformed
into accumulation mass (ng cm™) based on the calibration curves (see SI), and
visualization was performed using ImageJ v1.48 software.
RESULTS AND DISCUSSION

DGT Blank Concentration and Method Detection Limit. DGT blank
concentration of Sb!'! was achieved by measuring the mass of Sb existing in MSBA
binding gel retrieved from the MSBA-DGT device which was assembled and left
without deployment for 24 h. DGT blank concentration of Sb!!! obtained in this study
was 0.013 + 0.006 pg L-!. The method detection limit (MDL) of 0.02 pg L' was
calculated as three times the standard deviation of the blank value, assuming that a
MSBA-DGT device with a 0.14 mm thick filter membrane and a 0.8 mm thick diffusive
gel was deployed for 24 h at 25 °C. The calculated MDL of MSBA-DGT is lower than
other DGTs equipped with MFS binding gel reported by Fan et al. (1.99 ug L)% and
Bennett ef al. (0.06 ug L)', This value is substantially lower than the typical
concentration of Sb'!! in surface waters (0.029-0.736 pg L~")* and groundwater (0.023—
0.116 ug L™).'7 Even if concentrations of Sb'l are lower than MDL, a longer

13
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deployment period or a thinner diffusive gel layer (Ag < 0.8 mm) could be applied to
increase mass accumulation of Sb!l,

Kinetic of Binding and Elution Efficiency. The binding dynamics of Sb'' and
SbY to MSBA gel disc are shown in Figure 1. Mass of accumulated Sb'! on binding
gels increased almost linearly with time in the first 30 min. More than 95% of the
original Sb'" in solution was bound onto the MSBA gel discs after 120 min. However,
less than 5% of SbY was retained in the MSBA gel disc over the 24 h exposure. Selective
measurement for Sb!"! was achieved by the thiol groups in mesoporous silica, which
have a strong affinity for “soft” Sb'!! ions and a low affinity for “hard” SbY ions.*® The
binding rate over the first 30 min was about 1.97 ng min~! cm2, much higher than the
diffusion flux (0.63 ng min! cm2) calculated from MSBA-DGT devices (domain
diffusion thickness: 0.89 mm) which were assumed to be deployed in 100 pg L' Sb™
solutions at 25 °C. Such elevated concentration (up to 100 pg L") reflects an Sb-rich
natural background near active mines compared to average Sb concentrations in world
rivers (1 ug L™).2 It suggests that MSBA gels can uptake Sb'' rapidly with high
selectivity to ensure its concentration at the interface between the binding gel and the
diffusive gel being effective zero, meeting the requirement of DGT theory and
justifying eq S3 for further measurement of Sbll,

A reproducible elution efficiency of Sb'! from the MSBA binding gels is essential
for DGT measurement. It is documented that KIO; and HNOj; is an ideal elution for
Se!V from mercapto, amino bifunctionalized SBA15 mesoporous silica nanoparticle

14
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(SBA) based binding gel*® and As'! from MFS based binding gel.?” In this study, three
different eluents were tested for MSBA binding gel discs with different masses of
loaded Sb™. Uptake efficiencies of binding gels in solutions across a series of exposure
concentrations (50-500 pug L") were > 99% after 24 h. As shown in Table S3, when
the Sb' accumulation mass ranged between 0.5-5 pg per gel disc, using 3 mL of 1 M
HNO; + 1% KIO; (m/v) can achieve the consistent elution efficiency of 95.4-96.8%,
with the average value of 96.2%. But the elution efficiency obtained using 1 mL of 1
M HNO; + 1% KIO; (m/v) was not consistent, decreasing from 92.2% to 68.4% with
the increasing accumulation of Sb'!l. This might be because the content of KIO; was
not enough to break the binding between thiol groups and Sb!!. This elution efficiency
of SbMusing 3 mL of 1 M HNO; + 1% KIO; (m/v) is comparable to that of SBA gels
for Se'v (97.0%),%° but higher than MFS gel for As'' (85.6%) and Sb' (62.6%).27- 3!
However, 1 M HNO; failed to elute the Sb' from the binding gel, which may prove
that Sb is chelated with thiol groups via chemisorption*’ rather than ion exchange.
Effects of pH and Ionic Strength on MSBA-DGT performance. Effects of pH
on the MSBA-DGT measurement of Sb!! are shown in Figure 2a. The ratio (Cpg1/Csomn)
of the DGT-measured concentration of Sb, Cpgr, to SbM! concentration in the
deployment solution, Cg,,, was reproducible within an acceptable limit (1.0 £ 0.1) for
pH ranging from 3.2 to 9.1. Meanwhile, effects of pH on the accumulation of SbY by
MSBA-DGT was assessed to ensure that this device remained selective for Sb'!! over a
range of environmentally relevant pH. As shown in Table S4, the Cpgr/Csorn of SbY

15
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measured by MSBA-DGT in the pH range of 4-9 was comparable, about 0.03—0.06,
indicating that pH impacts on the selectivity of MSBA-DGT in this range were
negligible. However, as reported by Bennett et al. (2016)3!, MFS-DGT presented
adsorption for SbY at pH<7, expressed as the Cpg1/Csom 0f SbY reached at 0.82 at pH
0f'4.06. In this work, MSBA-DGT provided good selectivity and an accurate prediction
for Sb'"! in the environment relevant pH range of 4-9, indicating a good application
prospect in natural systems.

As shown in Figure 2b, measurements of Sb'! by MSBA-DGT were not
significantly influenced by ionic strength in solutions containing 0.1-200 mmol L-!
NaNOs, with all average Cpg1/Csor values between 0.94—-1.03. A similar phenomenon
has been previously observed for the MFS-DGT used to selectively measure Sb!f 30.31
It has been reported that the specific adsorption of thiol groups for Sb"! is free of ionic
strength interference,*” which supported the good performance of MSBA-DGT and
MFS-DGT in solution with high ionic strength.3! These results suggest that the MSBA—
DGT technique qualifies as an accurate measurement of Sb'! in the majority of fresh
and marine waters. Overall, the novel MSBA-DGT device is applicable for in situ Sb'!!
measurement in the environment with pH of 4-9 considering jointly selectivity and
accuracy and ionic strength of 0.1-200 mmol L.

Validation of Selective Measurement of Sb''. The robustness and selectivity of
MSBA-DGT in long-time deployment is a prerequisite of its application in the real
field scenario. The linear selective accumulation of Sb'! with the deployment time by
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MSBA-DGT demonstrates that DGT can predict time-averaged solution
concentrations based on the accumulated mass of Sb in the MSBA gels (Figure 3).
Nevertheless, the accumulated mass of SbY in the binding gels was negligible (<2.7 %
of Sb") within the deployment time up to 72 h and the measured negligible amount of
SbVY probably resulted from the diffusional equilibrium between the deployment
solution and the liquid phase in the MSBA gel. It indicates the MSBA DGT device has
a good selectivity for Sb''l. To ensure accurate results, it is suggested that the MSBA
gel be washed using Milli-Q water to lower the amount of the remaining SbY before
elution.

In natural waters, given that SbVY is the dominant form over most natural
environment,*® SbY might influence the accuracy of Sb'"! measurement by MSBA-DGT
due to (a) the diffusional equilibrium for SbY between deployment solution and the
liquid phase in the binding gel and (b) the interference of SbY on the specific binding
between Sb!l and the binding gel. To further evaluate the selectivity, MSBA-DGT
devices were deployed in 2 L of solutions containing both Sb'! and SbY in 0.01 mol L'
NaNOs;. As shown in Table S5, Cpgr/Cson values were reproducible in the limit range
of 1.0+0.1 when the ratio of SbY to Sb'' concentration increased from 1 to 50. But the
Cpa1/Csorn Value was slightly higher than 1.10 at the SbY/Sb!!! concentration ratio of 100.
This might be mainly attributed to the high concentration of SbV in the liquid phase of
the binding gel as a result of diffusional equilibrium (not adsorption by the binding gel).
The results imply that SbY will not interfere with the selectivity of MSBA-DGT for
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Sb" when SbY accounts for lower than 98% of the total species content. To overcome
the potential over-estimation of Sb''! caused by diffusional equilibrium of SbY between
binding gel and natural waters, it is recommended that the binding gel is washed by
immersing in MQ water several times before elution.

Capacity of MSBA-DGT. Enough capacity is the guarantee of long-term
deployment of DGT technique. The measured mass of Sb'!' in MSBA-DGT increased
linearly with the increasing solution concentrations ranging from 0.1 to 17 mg L™!
(Figure S3), fitting well with the theoretical line calculated using eq S3 based on Sb'™!
concentration in the deployment solution. However, when the concentration of Sb!!!
reached at 24 mg L', the DGT measured concentration was 77% of the solution
concentration. Results of this experiments imply that MSBA—-DGT exhibits linear
accumulation capacity of 65 pg per disc for Sb!!l, comparable to that reported for As!!
(77.5 pg)*” and Sb™ (100 pg)’! of MFS binding gel layers. In addition, this capacity
makes MSBA-DGT being able to be deployed in 3 mg L' Sb'l-contaminated water,
which is not common, for 24 h at 25°C. If the concentration of Sb'! in water is lower
than the Chinese maximum limit value of 5 pg L' for water quality,* the measured
capacity in this study would be reached after 1.4 years of deployment when only time
was taken into account. It means that the capacity of MSBA-DGT can support the long-
term monitoring of Sb'!l,

High-resolution Performance of MSBA Binding Gels. The resolution of DGT
binding gels and their feasibility to be applied as high-resolution sampling approaches
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were mainly determined by the homogeneity of binding material distributions in the
hydrogels. The benefit of using a binding gel with high resolution relates to the ability
to generate a stable signal due to the high frequency of measurements, which is
especially important when working with small sample areas. The scan images of the
binding gels captured by LA-ICP-MS are shown in Figures 4a and 4b. The MFS resin
beads were unevenly dispersed on the MFS gel surface while no visible graininess on
the MSBA gel was observed even at a resolution of 50 um.

Here, we quantitatively compared the homogeneity of MSBA binding gel with
commercial MSF binding gels using LA—ICP-MS analysis to demonstrate the merits
of MSBA binding gels in high-resolution analysis. Both the MSBA-DGT and MSF—
DGT were deployed in the same solution and then the distribution characteristics of Sb
in the binding gels were analyzed using LA-ICP-MS at the same measurement
resolution of 50 um. Theoretically, the signal of Sb should be constant during LA-ICP—
MS analysis, while the stability drift can be caused by matrix heterogeneity and
instrumental deviation (such as laser defocusing and instable aerosol transport
efficiency). Figures 4c and 4d present the 2D mapping of intensity ratios (Sb'?!/C!3)
during line scanning produced with a 50-pum laser beam diameter. C'3 was used as an
internal standard to compensate for fluctuations in sensitivity due to sample transport
and plasma stability.>* Then the heterogeneity of binding resin distribution in the matrix
becomes the major factor determining the deviation of normalized signal Sb!?!/C!3.

The MFS gel exhibited heterogeneous distribution of intensity ratios of Sb'?!/C!3
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while the MSBA gel presented an even distribution in the sampling area of 5x5 mm?
(Figures 4c and 4d). To be specific, the RSD values of Sb'?!/C!3 are 68.3% and 9.2%
for the MFS and MSBA gel, respectively, in a total number of 32400 data points. Such
high standard deviation would lower the accuracy of LA-ICP-MS analysis, limiting
the application of MSF binding gels in high resolution sampling. Also, the frequency
distribution histogram demonstrated that the signal ratio of MSBA gel gathered in the
range of 3-4, while that of MFS gel exhibited more dispersive distribution (Figures 4f).
The difference of particle size between MFS and MSBA is a dominant factor
influencing the signal stability during LA-ICP-MS analysis. MFS resin has the
relatively large bead size (~65 pum) (Figure S4) and operationally caused obvious
uneven distribution of MFS in the binding gels. For MSBA resins, however, it seems
that their fine sizes (~3.4 pm) (Figure S4) can make them evenly-distributed in the
binding gels. This comparison between the MSBA and MFS gels indicated that the
MSBA gel is sufficiently reproducible for getting quantitative results during high
resolution analysis.

In Situ 2D Profiles in the Rhizosphere. The high-resolution profiles of DGT-
measured Sb!"! and dissolved sulfide fluxes of the soil-root interface were obtained to
give an insight of Sb'™ spatial variability and S application induced solubilization
hotspots in the rhizosphere of rice. As expected, compared with the control soil (Soil
C), labile concentrations of sulfide were higher in S treated soil (Soil S) as a direct
consequence of sulfate reduction reactions as well as the increased activities of sulfate-
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reducing bacteria with S application. The product of dissimilatory sulfate reduction,
sulfide, dominates most of the sulfur pool.’! Similar to the change of sulfide labile flux
with S addition, Sb'!! labile fluxes were slightly higher in the Soil S than Soil C (Figure
5), congruent with the elevated Sb concentration in soil solution of Soil S (Table S2).
When we focus on the spatial characteristics of Sb!!! labile fluxes, a localized process
of mobilization of Sb' was seen in the rhizosphere along the root axis, especially at the
root tip zones, which is consistent with what has been observed previously with other
metal elements.33 >2 The observation of a distinct peak of Sb'!! flux close to the root
surface may be partly linked to root exudation>? and differences in the microbial habitat.

The enhanced DGT-measured Sb'! flux in Soil S might be associated with the
increased dissolved sulfide under controlled anoxic soil. A previous study has been
reported that reducing sulfur (S%) that is likely to occur in anoxic conditions acts as a
reducing agent. This then controls the redox transformation of SbV to the more toxic
Sb™, (e.g., HyS(aq) + Sb(OH)6 (aq) + H' (ay > Sb(OH)3(aq) + 1/8S5s) + 3H,0(;y).34 However,
it has also been reported that mobility of Sb is lower in the absence of active sulfidic
subsoil with flooding.>> Since the understanding of the fate, behavior, and risks
associated with Sb in soil systems is limited, further targeted investigations on the
modes and behaviors of S-induced changes in the rhizosphere of rice are recommended.
The newly developed MSBA-DGT will be a valid tool for in situ investigation of Sb
behavior, providing detailed mechanistic and quantitative insight into associated Sb
speciation dynamics in soils.
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CONCLUSIONS
This work established a synthesized nanoparticle silica based MSBA-DGT for

in situ, selective, and high-resolution monitoring of Sb'! in various environmental
media. The high susceptibility of Sb'! to redox change necessitates the application of
low disturbance and in situ sampling method for measurement of Sb'!! bioavailability.
The in situ method presented here can selectively capture Sb'™ even in the presence of
SbY, which makes it a promising tool to characterize Sb speciation in natural systems.
It also exhibited stable and accurate measurement of Sb'! throughout a wide range of
environmental conditions (pH 4-9, ionic strength 0.1-200 mmol L' NOy).
Furthermore, the homogenous binding gel made from the nano-sized MSBA resin
enables its targeted application across environmental interfaces to reveal the change of
Sb! lability at submillimeter scales. The development of this approach would be
efficient to fill the gap of our understanding on Sb speciation and bioavailability in
natural systems.
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Figure 1. Mass of Sb accumulated by MSBA binding gel discs soaked in 10 mL of
well-stirred solutions containing 0.01 mol L-! NaNOs, 50 pug L' Sb'"! or SbY for various
times ranging from 3 min to 24 h. Values are means + standard deviations of three

replicates.
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Figure 2. Effects of pH (a) and ionic strength (b) on the ratio of DGT-measured Sb™
concentration, Cpgr, to its concentration in the bulk solution, C,y,. The solid horizontal
lines and the dotted horizontal lines represent values of 1.0 + 0.1. Error bars are

calculated from the standard deviation of replicates (n = 3).
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Figure 3. Measured masses of Sb taken up by MSBA-DGT deployed in well-stirred
23 solutions containing either 50 pg L' Sb™ or 50 pg L' SbY in 0.01 mol L~! NaNO; for
26 4-72 h. The solid line is the theoretical regression predicted by eq S3. Error bars were

calculated from at least three replicates.
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Figure 4. The scan images of MSBA gel (a) and MFS gel (b) captured by LA system.
2D mapping of intensity ratios (Sb!?!/C!3) during line scanning produce using LA-ICP—
MS (c, d). Signal intensity of Sb'?!/C!3 for MSBA gel and MFS gel (e) and the
frequency distribution histogram of signal intensities of the two binding gels (f). Boxes
represent the 25™ to 75™ percentiles, solid lines and squares in boxes are the median
and mean values, error bars represent the 5" and 95% percentiles, cross symbols

represent the 1™ and 99™ percentiles, respectively (e).
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Figure 5. Photograph of rice root after planting in the blank soil (C) and the soil treated

w w
o

with 100 mg kg~ Sulphur (S) (top). High resolution 2D profiles of Sb!"! and dissolved
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sulfide in the rhizosphere of rice obtained by MSBA-DGT (middle) and Agl-DGT
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(bottom) for 24-h deployments, respectively. Sb!"and S is shown as DGT-measured
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W

metal fluxes, fpgr, (Sb™: pg cm™ s7! and S: nmol cm™ s71).
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